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1
TERNARY DIGIT LOGIC CIRCUIT

TECHNICAL FIELD

The present invention relates to a ternary logic device and
circuit, and more specifically, to a ternary logic device and
circuit capable of increasing the bit density by using a
junction band-to-band tunneling (BTBT) leakage current
and subthreshold current mechanism in an off state to create
a ternary logic gate with the same circuit configuration as a
CMOS-based binary logic gate.

BACKGROUND ART

A conventional binary logic based digital system has
focused on increasing the bit density through miniaturization
of CMOS device so as to quickly process a large amount of
data. However, due to recent integration of sub-30 nm
structures, there has been a limitation 1n 1ncreasing the bat
density due to a leakage current and an increase in power
consumption caused by a quantum tunneling effect. In order
to overcome such limitation regarding the bit density, ter-
nary logic devices and circuits have attracted much atten-
tion. In particular, most eflicient ternary logic and its basic
unit, standard ternary iverter (STI), has been actively
developed. However, unlike a conventional binary inverter
that uses a single CMOS with a single power source,
conventional techniques for an STI require more power
sources or complicated circuit configurations.

PRIOR ART DOCUMENT

Patent Document

Korean Utility Model Publication No. 20-1994-0008249
(1994 Dec. 5)

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Technical Problem

In order to solve the above-described problems, the pres-
ent 1vention proposes a compact low-power ternary logic
circuit that overcomes the limitation regarding power and
bity density in conventional binary logic and previous
ternary logic.

Technical Solution

A ternary logic circuit according to the present invention
includes a pull-up device (100) and a pull-down device
(200) connected 1n series between power voltage sources
(V5 and GND), and an 1nput voltage (V,,,) source and an
output voltage (V) source, wherein, when both the
pull-up device (100) and the pull-down device (200) are
turned off by an mput voltage (V /), both the pull-up device
(100) and the pull-down device (200) operate as simple
resistors which are aflected only by an output voltage
(Vo) and form a ternary digit (17 state) through voltage
division, and when only one of the pull-up device (100) or
the pull-down device (200) 1s turned on to allow a current to
flow therethrough, V ,,, (27 state) or GND (07 state) 1s

transierred as the output voltage (V 5.7).

Advantageous Effects of the Invention

A ternary logic circuit according to the present invention
has an eflect of increasing the bit density and decreasing
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2

power density by using a junction BTBT leakage current and
a subthreshold current mechanism 1n an off state to create a
ternary logic gate with the same circuit configuration as a
CMOS-based binary logic gate.

DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a configuration diagram ol a ternary
logic circuit including a pull-up device and a pull-down
device, according to the present invention, and an output
current-input voltage characteristic graph of the pull-up
device and the pull-down device.

FIG. 2 illustrates an operating principle of an STI accord-
ing to output current-output voltage characteristics of the
pull-up device and the pull-down device.

FIG. 3 1llustrates a mathematical voltage transfer curve of
STI.

FIG. 4 illustrates a planar 32-nm nMOS device structure
and BTB'T occurrence rates at a low channel doping and a
high channel doping.

FIG. 5 illustrates output current-input voltage character-
1stics of ternary CMOS and a voltage transier curve of STI
according to a channel doping.

FIG. 6 illustrates a comparison between simulated cur-
rent-voltage data and modeled current-voltage based on
[Equation 1].

FIG. 7 illustrates voltage transier characteristics and static
noise margin analysis.

FIG. 8 1llustrates circuit configurations and truth tables of

ternary nverter, ternary minimum (MIN), and ternary maxi-
mum (MAX) gates.

BEST MODE

Heremaiter, embodiments of the present invention will be
described 1n more detail with reference to the accompanying
drawings. Terms and words used 1n the present specification
and the claims should not be construed as limited to ordinary
or dictionary terms, and should be construed 1n accordance
with the meaning and concept consistent with the technical
idea of the present invention based on the principle the
inventors can properly define the concept of the terms so as
to describe their invention in the best way.

Therefore, the embodiments described in the present
specification and the configurations illustrated in the draw-
ings are only the most preferred embodiments of the present
invention and do not represent all the technical ideas of the
present invention. Therefore, 1t should be understood that
various equivalents and modifications may be substituted for
those at the time of the present application.

FIG. 1 1llustrates a configuration diagram of a ternary
logic circuit including a pull-up device and a pull-down
device, according to the present invention.

As 1llustrated 1n FIG. 1(a), the ternary logic circuit
according to the present mvention includes a pull-up device
100 and a pull-down device 200.

As 1llustrated 1n FIGS. 1(a) and 1(b), current-voltage
characteristics of the ternary logic device according to the
present invention have a current (I, component, which 1s
not affected by an mput voltage and 1s affected only by an
output voltage, and a current (I.,,) component, which 1s
allected by an mput voltage and 1s not alfected by an output
voltage.

The current I~ ,., which 1s aflected by the output voltage,
has a current value I~ when the output voltage V ., 1s half
the operating voltage V5 (V51 7—V n/2), and the current
.. which 1s aflected by the mput voltage, has a current
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value 1. when the input voltage V., 1s half the operating
voltage V,,, (V.=V »,»/2) and exponentially increases to a
maximum current I,,,, at a point where the mput voltage
V.., and the operating voltage V ,,, are equal to each other

(Vov=Vpp)-

In this case, I, I, and I, ,, are characterized by the
relationship “I.<I-<I, ., .

Complementary current-voltage characteristics for the
operation of the ternary logic device according to the present
invention may be represented by the following equation.

|Equation 1]
lovr(Vin, Vour) = Icon(Vour) + Iexp(Viy)
Vop Vop
= Icexp|£a{Vour — —- || + Ieexp|= AViv - —~ |

In [Equation 1], ¢. and B are exponential coellicients of
each current mechanism, and + and — signs before . and 3
are respectively applied to the pull-down device 200 and the
pull-up device 100.

Here, I,,,.=l.exp[B(V,/2)] 1s equal 1n both the pull-
down device 200 and the pull-up device 100.

The operation principle of the ternary logic circuit accord-
ing to the present invention will be described with reference
to [Equation 1] and FIG. 2.

FIGS. 2(a) to 2(c) illustrate a voltage transition process of
three states: a low “0” state, an intermediate “1” state, and
a high “2” state. The low “0”, the intermediate “17, and the
high “2” states are determined by intersection points of the
output current (I,,,-)-output voltage(V ;) curves of the
pull-up device 100 and the pull-down device 200.

To transition to the low “0” state or the high *“2” state, the
pull-up device 100 or the pull-down device 200 shows a
dominant current of 1., within a range of V..~V (FIG.
2(a)) or V<V, (FIG. 2(b)) as 1,,,, to 1., and make a
current path in GND (V ;) or the operating voltage (V)
(Vor)-

While the output current V.. transitions to V /2
around V., and V., ., the output current I,,~ of the
pull-up device 100 and the pull-down device 200 1s similar
to the sum of the constant current I, and the exponential
current [, and this may induce a slow transition process.

Finally, an additional intermediate “1” state V,,, 1s
obtained at one 1ntersection point at V 5~V /2 within a
range ol V ;5 /<V <V .7, and the output current I ,,,-of the
pull-up device 100 and the pull-down device 200 1s domi-
nated only by the constant current I, (FIG. 2(b)).

When assuming a symmetrical device having I,, ,->I~, an
intermediate input voltage (V,,, =V s—V ) and a transi-
tion voltage (V. o=Vm—V7—VY—Vn,) may be deter-
mined according to [Equation 2] and [Equation 3] below.

2 iy 2 4 p |Equation 2]
Vm,f = VDD — Bll‘l( IC ) — Blﬂ(ﬂ)
aVpp 1 |Equation 3]
Vip = ——— + =In| —
=872 T3 “( zaf)

Here, V., Vi, Vi, and Vi, . are determined via a
combination of current equations of the pull-up device 100
and the pull-down device 200.

For example, when V>V /2, Vs 1s obtained from a

relationship  of  {Igp+lcon pmff—d&wnz{ICON pulloup DY
dV . /dV ——1.
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4

For operation of a STI, 1t 1s required to satisty the
conditions V,<V,,. V., >V, /2, V., <V, /2 and
V..~0 (GND). Consequently, the criteria for o and {3 are as

follows.

0% |Equation 4]

In(10)

!

{lmg(fﬁjix)/% <« ff = ln£0)

In FIG. 2, as a mathematical example, 1,,,,=107°A,
I.=10"%A, log(,,, /1) (V,/2)=6, o'=2, B'=10, and
V=1 are used.

FIG. 3 illustrates a voltage transier curve of the standard
ternary inverter (STI) having three output states (V o=V 15,
Vor Va2, V,o,=GND) as a function of ' and o', and
consequently, shows a change of V,,, by [Equation 2] and
the transition voltage by [Equation 3].

As shown in a graph mserted into FIG. 3, the low
transition voltage V - and the high V., , may be obtained by
larger ' and smaller o' within a range of ' and p' given by
|[Equation 4]. This 1s preferable for the voltage transfer curve
of the ideal standard ternary iverter (ST1).

However, both the pull-up device 100 and the pull-down
device 200 have a specific saturated value due to the
log(p/2a")/3' term 1n [Equation 2] and [Equation 3].

In the {3' term, such a nonlinear log(x)/x function 1s
inducedatV,, ,,and V,, . around V ,,,/2 at which the output
current 1, of the pull-up device 100 and the pull-down
device 200 1s approximated as the sum of the constant
current I~ and the exponential current 1.~

When considering only the transition voltage V -, large ('
seems to be preferable. However, when considering noise
margin, 1t 1s expected that there will be an optimal condition

for reasonable V,, ..
The constant current I ,,, independent ot the input volt-

age, which 1s a current mechamism essential for the inter-
mediate “1” state of the STI, may be realized by a junction
BTBT current (I,,5,) independent of a gate voltage.

In addition, the exponential current 1.~ dependent on the
input voltage for the “0” and “2” states may be made 1nto a
subthreshold current (I_ ,).

FIG. 4 1llustrates a cross-section of a 32-nm high-k/metal-
gate planar nMOS and BTBT occurrence rates at a low
channel doping (Nch=2x10'® cm™) and a high channel
doping (Nch=2x10'" ¢m™). Basic structure information

such as an equivalent oxide thickness of 1 nm, a high drain
doping (HDD) of 1x10°° cm™, and a low drain doping

(LDD) of 2.5x10" c¢cm™ was based on 32-nm low static
power technology reported in I'TRS. A device simulation
was performed via Synopsys Sentaurus™ based on a BTBT
model and a bandgap narrowing model.

By increasing a channel doping, a maximum BTBT
occurrence region moves from the LDD region below the
gate to the HDD and body junction. This make a dominant
ofl current mechanism become gate bias-independent I,

FIG. 5 illustrates output current-input voltage character-
1stics of ternary CMOS and a voltage transfer curve of STI
according to a channel doping. It can be seen that a simple
increase 1 a channel doping changes the current-voltage
characteristic from CMOS to tenary CMOS and changes the
voltage transfer curve from binary inverter to ternary
inverter.

FIG. 6 shows that simulated current-voltage data 1s well
matched with a modeled current-voltage based on [Equation

1].
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FI1G. 7 illustrates voltage transfer characteristics and static
noise margin analysis. SNM has 200 mV 1n a typical design
(Nch=2x10"" ¢cm™) and 230 mV in an ideal CMOS. In an
SNM contour 1nserted into FIG. 7, it can be seen that NM
increases as [ becomes larger and a becomes smaller.

A STT circuit having the above-described characteristics,
according to the present invention, and a truth table thereof,
a MIN gate circuit, to which the STI circuit 1s applied, and
a truth table thereof, and a MAX gate circuit and a truth table
thereol are illustrated in FIG. 8.

In a case where the pull-up device 100 and the pull-down
device 200 are not affected by the mput voltage (in a case
where both are turned ofl), both the two devices operate as
simple resistors and form a ternary digit (1”7 state) through
voltage division. On the other hand, when only one of the
pull-up device 100 and the pull-down device 200 1s turned
on to allow a current to flow therethrough, V,,,, (27 state)
or GND (“0” state) 1s transierred.

As described above, the current region which 1s not
allected by the mput voltage can be implemented by 1.5~
characteristics which are not affected by the gate of the
CMOS, and the current region increasing exponentially to
the input voltage uses I_ , of the CMOS.

While the present invention has been particularly shown
and described with reference to specific embodiments, i1t
should be understood that the invention 1s not limited thereto
and various modifications and changes may be made without
departing from the scope of the present mvention and the
equivalents of the appended claims by those of ordinary skill
in the art to which the invention pertains.

DESCRIPTION OF REFERENCE NUMERALS

100: pull-up device

200: pull-down device

The invention claimed 1s:

1. A ternary logic circuit comprising:

a pull-up device (100) and a pull-down device (200)
connected 1n series between power voltage sources
(V5 and GND); and

an 1nput voltage (V,,) source and an output voltage
(V 5 7) soOurce,

wherein, when both the pull-up device (100) and the
pull-down device (200) are turned off by an input
voltage (V ), both the pull-up device (100) and the
pull-down device (200) operate as simple resistors
which are aflected only by an output voltage (V 5,
and form a ternary digit (*1” state) through voltage
division, and

10

15

20

25

30

35

40

45

6

when only one of the pull-up device (100) or the pull-
down device (200) 1s turned on to allow a current to
flow therethrough, V ,, (27 state) or GND (%0 state)

1s transierred as the output voltage (V 5,

wherein the ternary logic circuit has a current (I-,)
component, which 1s not aflected by the input voltage
(V ») and 1s aflected only by the output voltage (V 57,7,
and a current (I.,-) component, which 1s aftected by
the mput voltage (V) and 1s not affected by the output
voltage (V 5r7)s

the current (I -,,,), which 1s affected by the output voltage
(V o), 18 realized via a junction BTBT current (15,5}
independent of a gate voltage,

the current (I1..--), which 1s aflected by the input voltage
(V ), 1s realized via a subthreshold current (1,,,,), and

characteristics of the BTBT current (I;,5-) and the sub-

threshold current (I_,) are obtained by a simple
increase 1n a channel doping 1n a binary inverter, so that
the binary inverter operates as a ternary inverter.

2. The ternary logic circuit of claim 1, wherein

the current (I ~,,,), which 1s aflected by the output voltage
(V o), has a current value I~ when the output voltage
(Vo) 1s hall of an operating voltage (V 5), that 1s,

Ucon)=le when Vo =V 55/2, and

the current (I.,-), which 1s affected by the input voltage
(V,»), has a current value I, when the input voltage
(V) 1s half of the operating voltage (V,5), that 1s
(I.+-)=1,. when V,=V,,/2, and exponentially
increases to a maximum current (I, ,,+) at a point where
the mput voltage (V) and the operating voltage (V 55)
are equal to each other, that 1s, when V.=V .

3. The ternary logic circuit of claim 2, wherein a current
output from the pull-up device (100) and the pull-down
device (200) 1s calculated by the following equation:

lovr(Vin, Vour) = Icon Vour) + IExp (Vin),

Vop Vop )]

= Icexp[iw(VgUT — T)] + IEexp[iﬁ(V;N -

wherein, 1n the equation, o. and 3 are exponential coet-
ficients of each current mechanism, and + and - signs
before o and B are respectively signs applied to the

pull-down device (200) and the pull-up device (100).

% o *H % x
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